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ABSTRACT

Electrical resistivity and thermoelectric power were measured

for the (l-x)As«Se^x Sb.Se^ system for x - 0.0, 0.2 and 0.4 over the

o o
temperature range 25 C to about 190 C. The resistivity activation

energy and thermoelectric power activation energy were shown to be

equal to within experimental accuracy for x - 0.0 and 0.2. For

x-0,4 it is tentatively concluded that the activation energies are

also the same for both processes, although the possibility of partial

devitrification of the sample during the experiment precludes a more

definitive statement at this time.

Samples of (l-x)As
2
Se^x Sb

2
Se~ were cut from hollow cylindri-

cal ingots. These ingots were prepared by air quenching rotating

evacuated Vycor cylindrical ampoules which contained appropriate mix-

tures of As, Sb and Se. The samples were placed in a sample holder

in an evacuated tube in a furnace. A temperature gradient could be

established by heating one end of the sample holder. Resistivities

were calculated using the value of the current measured by an electro-

meter in series with a battery and the sample. Thermoelectric power

data were obtained by using the standard differential technique using

an electrometer to measure the sample emf and thermocouples to

measure the temperature gradient.





Resistivity activation energies were established to be

0,oifto.03eV for x - 0.0, 0.8*£o.03eV for x - 0.2 and 0.7c^.0oeV for
12

x - 0.4. The resistivity was found to be 1.8x10 fi cm for x - 0.0,

l^xlO^ca for x - 0.2 and 3.7xi09 ncm for x - 0.4 at 298°K. The

thermoelectric power was determined to be positive for all samples

and have a magnitude of 1.43±.05mV/°K for x - 0.0, 1.9^-.05mV/°K for

x - 0.2 and 1.36^.05mV/°K for x - 0.4 at 333°K. The thermoelectric

activation energies were found to be 1.03-,08eV for x - 0.0,

.78-.l2eV for x - 0.2 and ,49-.10eV for x - 0.4.

Samples were found to exhibit polarization effects when

subjected to fields of about 100 volts per centimeter, but this

phenomenon was not investigated in detail.
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Chapter I

INTRODUCTION

Amorphous materials , to distinguish then from other classifi-

cations * are simply those materials which display only short range

atomic order. The word amorphous is normally! but not always * assoc-

iated with solids* vice gels* liquids or vapors. The amorphous state

is a metastable state and may be created by many techniques * including

vapor deposition* desicating gels, radiating* shearing or reacting

solids or quenching melts. The last technique* quenching* is most

commonly associated with glasses. The amorphous glass is also said to

be in the vitreous state. Nomenclature in this field is still a

problem. In fact* researchers in the field have not fully agreed as

yet on a method of classification of non-crystalline solids/

Many amorphous materials have been well studied and their prop-

erties are quite accurately determined. As-Se- *s one example of a

very heavily studied material with a vitreous semiconducting phase as

well as a crystalline phase. However* the fact that considerable

knowledge has been amassed concerning the properties of this material

does not imply that all questions have been answered. To some extent
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this results from experimental measurements which axe insufficiently

accurate to test the various theoretical models. Additionally*

however, it appears that an amorphous material made by differing

(2)
methods and sometimes even by the same method, x ' have different

properties and this adds additional confusion.

Though some aspects of the understanding of these materials

are quite well founded on both theory and experiment, there is no

definitive theory yet in existence for dealing with disordered

systems such as amorphous semiconductors . The lack of long

range order apparently causes the very concept of lattice waves*

which was effective in analysing crystalline structures, to break

down and no satisfactory treatment has been found for dealing with

the electronic structure and transport properties of these materials.

Solid amorphous materials are of more than just academic

interest since some of them have properties which may be economically

exploited. Of special interest in this respect, is the "memory"

capability of some of semiconductors! this comes in two variations,

the memory switch and the threshold switch x
. Bach variation has

its own realm of special application. Threshold switches hold promise

in the field of electroluminescent displays and in control and logic

circuitry. Memory switches hold equal promise for use in memory

(4)
devices and laser activated switching x

.
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Though considerable amounts of data have been gathered concern-

ing some properties of amorphous materials, other areas of interest

are relatively unexplored. One such area concerns the effect of

doping on electrical properties. For example, the addition of 1%

silver is known to cause an increase in the conductivity of arsenic

selenide by four orders of magnitude ^
.

Bismuth selenide, Sb Se^, can also be used as a dopant in

As-Se., and the combination of these two materials form an amorphous

system over a wide range of concentration. A method for forming

(l-x)As
2
Se„»x Sb-Se. samples recently has been perfected * '. Since

little information has been published concerning the properties of

the system, excepting for x - or 1, it seemed a proper selection

for the purpose of providing additional knowledge concerning the

effects of doping on the electrical properties of amorphous materials.

The objectives of the thesis work, therefore, werei

(1) To design an apparatus that would be able to be used

to measure the resistivity, the thermoelectric power

and the thermal conductivity between 296°K and the

devitrification temperature of the samples.

(2) To make several samples of the (l-x)As
2
Seyx SKSe^

system and to measure their resistivity, thermoelectric

power and thermal conductivity.
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(3) To evaluate the results in light of present knowledge

and theory.

Chapter II is to provide the reader with sore detailed knowledge

of the existing experimental and theoretical understanding of the

(l-x) As
2
Se^*x Sb Se system. Chapter III gives the detailed experi-

mental and analytical procedures which were used to produce the

results which are presented in Chapter IV. The summary and conclusions

are contained in Chapter V, and Chapter VI suggests where further work

in this area might be profitable.
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Chapter II

PREVIOUS WORK

A. General

1, Electrical Resistivity

i

Considerable theoretical and experimental effort has been ex-

pended in the study of this property in amorphous materials. The

amorphous state of a material generally has higher resistivity than

the crystalline state and in the case of semiconductors the increase

can be as large as several orders of magnitude. This fact, coupled

with knowledge about the phase diagram* is sufficient to explain the

basic mechanism behind memory switching in amorphous materials x
.

The primary cause of the other switching device presently being

studied, ie, the threshold switch, however, is a subject of much

controversy. Even though more is known about the electrical re-

sistivity of amorphous materials than about, e.g., the thermal

conductivity, there are many unanswered questions. For example,

why are the values of electrical resistivity extropolated to infinite

temperature the same for corresponding crystalline and amorphous

semiconductors, despite the much smaller value of the amorphous

material at room temperature; why do some amorphous semiconductors





16

exhibit n-type Hall effects but p-type thermoelectric powers?

Bulk chalcogenide glasses which have been Measured show an

exponential dependence of resistivity on temperature similar to

crystalline materials (over the range of temperatures covered in this

experiment). However, the slope of the logritha of pvs - shows

different "activation" energy than for the crystalline form of the

same material. No unambiguous universal theoretical explanation has

(7)
yet been found for this phenomenon .

Doping of amorphous materials also presents many riddles.

Iodine when added to As—Se.gGe^Te,,. to produce As^QSe.gGe .Te^I,

has no measurable affect on the resistivity* yet 1% addition of

Ag to ASgSe,, changes the resistivity by about four orders of mag-

nitude. Arguments which explain the lack of response of the

quaternary chalcogenide above fail when applied to the binary

chalcogenide

.

Some comments on resistivity, such as those delineated below,

seem to be well documented.

i) If atoms in some chalcogenide glass are replaced by heavier

isoelectronic atoms the resistivity will decrease *
.

ii) The resistivity of a binary chalcogenide is greater than that
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of a pseudobinary * ',

iii) Electrical conductivity is electronic and not ionic and can

have a contribution from a hopping mechanism via localized

(7)
states as the normal handlike type of conductivity v

.

iv) The resistivity changes in accordance with an exponential

function of (t)"
1
or (T)~* ^\

2. Thermoelectric Power

The Seebeck coefficient or thermoelectric power has its most

historical significance in temperature measurement since the voltage

created by a bimetalic junction (thermocouple) in a temperature

gradient is a Seebeck voltage. In metals this voltage is quite

small, i.e., on the order of microvolts per degree, but in semi-

conductors it can be as high as several millivolts per degree.

This large effect can be produced in a semiconductor because the

charge carriers cannot shift as easily in a semiconductor as the

free electron gas in a metal can, therefore, larger internal fields

can be tolerated by the semiconductor. In intrinsic semiconductors

in which the mobilities of the holes and electrons are about equal

the thermoelectric power can be small. It is in materials that have
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one carrier relatively Immobile or suppressed by doping that a

large thermoelectric power will be found.

For crystalline materials the theory of thermoelectric power

is usually derived from the Boltzaan transport equation. Experi-

mental and theoretical work on thermoelectric power in crystalline

materials has shown that the value is a slowly varying function of

temperature (over the temperature covered by this thesis). Gubanov "'

has derived an expression for the thermoelectric power for amorphous

materials. His results indicate that the thermoelectric power

will have the same slow dependence on temperature as the crystal-

line materials had but is expected to be different because of the car-

rier scattering due to the lack of long-range order. Some ex-

perimental work has shown that thermoelectric power may increase as

short-range order (compositional and positional) decreases. It

should be pointed out that in light of what is known today, Gubanov

overlooked some very important aspects of the amorphous semi-

conductor phenomena and his transport equations cannot be used ex-

plicity.

Thermoelectrio power has been found experimentally to have some

rather abrupt changes, generally in the form of a local maximum ' • ',
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It has been suggested that these might be explained by either

changes in the scattering terms or in the temperature dependent

changes in the mobility. One thing is abundantly clear and that is

that the theory does not yet provide unambiguous results or possess

any ability to predict values in new materials.

B. (l-x)As
2
Se

3
«x Sb

2
Se

3

Mixtures of As
?
Se~ and Sb Se^ were amoung the first glasses

to be known. Until recently however, the system did not receive

very much attention except to establish glass forming regions*

densities and a few isolated values for resistivity. The

resistivity, p ,and thermoelectric power, S 9 were determined to

be approximately 10
12

ft cm and l,lmV/°K in 1957
^12 '. At that

time the activation energy for AsJSe. was determined from the

temperature dependence of conductivity to be l.QeV. The measure-

ments put the resistivity of the crystalline higher than the

vitreous state, a condition which is now known to be incorrect as

a result to the work of Uphoff and Healy ^\

Flatakis recently has done a detailed study of several

of the properties of the (l-oO^Seyx Sb^ system. His values for

the resistivity and the activation energy have confirmed that the
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vitreous state is sore resistive than the crystalline and not less.

He also measured the following values based on using p«p exp[E /kT]

to analyse his data.

Sample Activation Energy,E feV] logpn

0.975 -3.6As
2
Se

3

,8As
2
Se

3
• ,2Sb

2
Se

3
0,86 -3>

0.6As
2
Se

3
«0.4Sb

2
Se

3
0.75 -2.9

These activation energies were within a few hundredths of an

eleotronvolt of being one half the energy gap he measured by

optical means » which indicates that the Fermi energy nay be very

near the center of the gap.

Callaerts, Ragel and Denayer * ' measured an E p of 0.96eV

and a logpQ of -3.8 for As
2
Se^. They also measured the thermoelectric

power over the range of 293°K to *f?3°K. By fitting their data to

an expression of the forH
E

S-f Cjf*B).

where

E - thermoelectric activation energy
s

B - a constant

,

they found E_ - 1.01 t .05eV and B - -7.08.





21

Between the composition 0.5Ae
?
3e^.0.5 Sb Se_ and pure

Sb.Se. there have been very few published results. This most

likely results from the difficulty in producing a vitreous form

except in thin films like those produced by Johnson and Girdart ^ '

k
in 1958. They found a resistivity of 10 ft cm in the crystalline

state and 10' 8 cm in the vitreous state, but no other studies

were accomplished at that time on the amorphous state. Previous

work by Braithwaite * ' on crystalline Sb.Se^ had established an

optical energy gap of 0.95eV which is reasonably consistent with

the results published by Black ^ l7 ' in 1957. Black found a

conductivity activation energy of 0.7eV and a resistance of

6X10 ft cm at 283°K, He also measured the thermoelectric power

from 373°K to 523°K and found that it decreased linearly in l/T

from 0.9«v/oK to 0.4mV/°K as the temperature increased over that

... ... . ow . ... . (18) quote a value for the
range. Chizhikov and Shchaetlivyi N ' *

resistivity activation energy of crystalline Sb-Se- of 1.2eV, but

that value seems to be inconsistent with the other information

presented above.
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Chapter III

EXPERIMENTAL PROCEDURE

A. General

The original motivating force determining the geometry and

physical lay out of the apparatus was a desire to measure p,x

and S for solid bulk materials over the temperature range of 296 K

to 773°K using one sample holder and its associated leads, bed

plate, etc. It was anticipated that the resistivity at 296 K would

14
be on the order of 10 ohm-cm t the thermal conductivity about

2-5 a* (&eg cm)" . It was determined by experiment that the thermal

conductivity measurements could not be made without modification of

the apparatus from the configuration used for p and S measurements.

Figure J_ shows a profile of the apparatus, exclusive of the modifies**

tions needed for thermal conductivity measurements. These modifications

were t

(1) Removal of the leads to the copper blocks.

(2) Installation of high emissivity insulating seperately

heated blocks on either side of the bed plate.

(3) Installation of a temperature control system to keep

the heated blocks at the same temperature as the

furnace walls.
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These salifications were required because radiative heat losses

were causing unacceptable errors in the temperature distribution

and in the heat input measurements. It was determined that though

the geometry of the sample holder and the furnace were satisfactory

for measuring p and S it was not optimum for thermal conductivity

and, therefore, thermal conductivity measurements of the (l-x)As
2
Se~*

x SKSe^ samples were not attempted.

The temperature of one of the copper blocks could be raised

above that of the other by passing a DC electric current through a

10 watt 20ft resistor, called the differential heater, which was

mounted on one of the blocks.

Temperature was measured using a Keithley model 147 or 146

nanovoltmeter and one of the copper-constantan thermocouples.

The two remaining thermocouples (one on each block) were connected

in a differential connection so that their output was propor-

tional to the temperature difference between the blocks.

Tests were run to determine the temperature difference be-

tween the thermocouples imbedded in the copper blocks and the end

of the sample. This was accomplished by connecting two additional

thermocouples in a differential connection and then clamping them
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in the jaws of the copper blocks in place of a sample. The test

was to let the system come to thermal equilibrium, then use the

differential heater to raise the temperature of one block. Since

the temperature of the other block initially did not change

because of the low thermal conductivity the difference between

the differential temperatures measured by the two pairs of thermo-

couples was the difference between the ends of the sample and the

thermocouple imbedded in the block. The temperature difference

as measured by the sample thermocouples was equal to that measured

by the imbedded thermocouples to within - l.OyV. This was the case

even when the system was going through a thermal transient.

The resistance and the Seebeck voltage without any sample

were measured as the results were to be used to correct the

measurements taken with samples when applicable. As it turned out

the resistance was 2.5 orders of magnitude higher than that of

the most resistive sample and the Seebeck voltage was lower than 0.01

mV/°K over the temperature range used for sample measurement.

The furnace was allowed to come to thermal equilibrium using

a DC power source at constant current. The temperature was not

controlled during the Seebeck voltage measurements so that the
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electronic transients could be avoided, however, the average

temperature of the saaples did not change by more than 5°K over

any measurement period.

To ensure positive contact between the sample and the copper

blocks, the jaws of the block which were to contact the sample

were silvered with liquid silver which when dry was 0.01mm thick

and served as a crushable surface for the very hard glass to

Imbed Itself and thereby produced excellent electrical and thermal

contact.

All of the external electric leads were shielded and grounded

but the system still suffered from the effects of changing electro-

static fields being created near it.

A Princeton Applied Research Model 136 battery operated electro

—

meter was used for all the sample voltage and current measurements.

2 14
The input impedance was variable from 10 to 10 q and the meter

was calibrated using reference resistors which were accurate to

within -.1%, The meter was accurate to + 2%. The meter was generally

used in a feedback mode of operation which provided a driven guard

circuit to reduce the effects of external capacitance. Another

electrometer, Keithley 610C, was tested on the system but was not
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successful in measuring the Seebeck voltages.

A dual channel and a six point recorder were available and

were used for monitoring all the signals to ensure that thermal

equilibrium had been reached and all voltages had stabalized before

data was recorded,

B, Sample Preparation

Platakis^ ' perfected a method for making samples of the

(l-x)As_S©-«x Sb Se^ system. The idea was that since during air

quenching the ampoule cooled from the outside in, if It was rotating

it would deposite the molten material in layers and thus create a

hollow cylindrical shaped solid body with high homogeneity.

The materials, As, St>, and Se were of high purity, (See

Appendix A.) Two compounds, As^Se^ and Sb.Se^, were made separately by

weighing the appropriate amounts to an accuracy of - 10"*g and then

placing the materials in cleaned Vycor ampoules. Each ampoule

was evacuated to 10 torr, sealed and then heated to 1023°K for

three to six hours. Then they were rotated for an additional four

hours to Insure mixing before they were air quenched as described

above.

To make the samples for measurement (with the exception of
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As^SO the above process was repeated using As
2
Se~ and Sb Se-

as the constituents. Samples vers made as follows

t

A.
2
Se

3

0.8As
2
Se

3
.0 #2Sb

2
Se

3

,6As
2
Se

3
• ,4Sb

2
Se

3

The ampoules were cut open using a diamond saw and

samples were then cut from the cylinder using a string saw, thus

creating samples which were segments of an annulus with parallel

sides. Typical dimensions were thicknesses of 0,15 cm, lengths

of 3 cm and widths of 0,3 cm. The measurements could be made to

within - 0,005 cm and, therefore, introduce an error of - h%.
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C, Electrical Resistivity

The resistance of the saaple was measured toy using the

electrometer In the current measuring mode. Figure _2_ shows the

circuit.

R

-I'l-hh

"~l

jelectrometer

Figure 2 Resistance measurement circuit

R
R

<f
- v

r -t+ b
i

Where t
R
8
" P AA

« cross-sectional area of the sample

1" active length of the sample

R - sample resistance

R » resistance of parallel paths

R. * Internal resistance of the electrometer

The theoretical magnitude of the geometric correction for

fringing of the electric field was below the experimental accuracy
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of the equipment and tests conducted with samples of known re-

sistivity proved that the fringing could be neglected.

The capacitance of the circuit exclusive of the electrometer

was measured at 1000 Hz and 388°K and found to be 132 pf . This

resulted in a circuit time constant which was always faster than

1/10 second.

Surface contact resistance between the copper blocks and the

sample material was tested by using various samples with various

amounts of contact area. Under the conditions of this experiment

no effect was found and it was, therefore, neglected.

As noted before , the resistance of the sample holder was 2.5

or more orders of magnitude larger than the sample resistance and

the internal resistance of the electrometer could be kept to

three orders of magnitude below the resistance of the sample so

that the final equation becomes, therefore,

P- VA
II ,

with an expected accuracy of - 6£.

The distance between copper blocks was generally 1,5 cm or

larger. Therefore, since the battery was 1^5 volts, the maximum

field on the sample was no larger than 100 volts/cm.
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D. Seebeck Voltage

Proper functioning of the equipment for measurement of the

Seebeck voltage was verified by measuring the Seebeck voltage of

intrinsic silicon up to 769°K and comparing the values to those

(19)
published by Geball and Hull v

. The values were reproduced

to within the experimental accuracy of their data.

The procedure was to use the voltage mode of operation of

the electrometer (internal resistance - 10 ohms) to measure

the voltage between the copper blocks attached to the sample.

Then, to eliminate the effects of induced voltages and to obtain

higher accuracy* the measured voltages were plotted as a function

of the temperature difference between the copper blocks, i.e.,

the ends of the sample.

The measurements on silicon showed that the voltage measure-

ments were accurate only if the temperature gradient was not time

dependent, i.e., a steady state situation had been achieved. It

was not necessary to correct the value of the voltage for the

difference in Seebeck voltage of the leads because the correction

was negligibly small. It was assumed that the contact Seebeck

voltages between the ends of the sample and the copper blocks
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cancelled each otter.

Figure 3_ shove a typical curve of measured voltage against T.

Bach point on the line represents values of temperature, temperature

difference and voltage measured which were stable enough so that

over a period of two hours the values did net change sore than a

few percent. The slope of the line is one data point of input

into the Seebeck voltage versus reciprocal temperature plot,

Figure _5 .
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Figure 3

Sample Voltage vs Differential Temperature
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Chapter IV

EXPERIMENTAL RESULTS AND DISCUSSION

A. Electrical Resistivity

Figure Jj_ displays graphically the measured resistivity at

various temperatures for three samples. The samples were not all

taken to the same upper temperature to avoid devitrification, however,

as will be seen later, the 0,6As
?
Se^«0,4Sb

?
Se_ sample displayed some

changes in properties as a result of being taken to high temperature

(approximately ^50°K). Platakis * ' has shown that the rate of

devitrification increases with temperature up to the melting point,

and occurs faster for samples with higher Sb Se~ content. The

values obtained for the resistivity activation energy, Ep , agree

quite well with the results of Callaerts * ' and Platakis ^ '.

Table 1 lists E values, the logarithm of the resistivity coefficent,

pQ , and the thermoelectric power activation energy, E .

In the vitreous state the samples seem to be characterized

by a single activation energy for a given composition. It will be

shown, however, in Section IV. C, that if an amorphous sample is

taken to temperatures where the devitrification rate is significant,

the resistivity activation energy can be expected to change. The
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Figure 4

Logarithm of the Resistivity vs

Reciprocal Temperature
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Table 1

ACTIVATION ENERGIES

Sample E
p
[eV] E [eV] log ps "

___L_.°

As
2
Se

3
0.9* -0.03 1.03 -0.08 -3.70

0.8Aa
2
Se

3
'0.23b

2
Se 0.84 -0.03 0.78 to. 12 -3.02

0.6As
2
Se

3
«0.1*Sb

2
Se

3
0.76 -0.06 0.^9 -0.10 -3.20

Based on equation p - p exp (E. /kT)
O K
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Modified sample is characterized "by a single resistivity activation

energy and yields a very linear log p vs l/T plot over the temperature

range covered in this work.

The temperatures are much too high and cover too narrow a

temperature range to expect to see any T~* dependence, and no attempt

was made to fit the resistivity data to such a temperature dependence,

B. Seebeck Voltage

Figure _5_ displays the results of the Seebeck voltage

measurements. All values are positive, thus Indicating that holes

are the predominant carrier. The As
?
Se. data is taken from

Callaerts ^
, since the data obtained during this work (presented

in Appendix D) for the As^Se. sample suffered from contact problems.

(Although too low a value for S was obtained, the observed value for

E , the thermoelectric power activation energy, was in good

agreement with Callaerts' results.)

Only part of the data taken for the O.cASgSeyO.JJASgSe^

samples is shown because of an apparent devitrification problem which

was discovered during this work. This will be discussed in Section C

of this chapter. It should be pointed out that the curve may thus

be that of a structurally modified sample.
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Figure 5

Thermoelectric Power vs Reciprocal Temperature
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The three curves can be fit to a curve of the form ^'i

W.B.1 S -
J
(i + a)

which corresponds to a theromoelectric power characteristic of

conduction dominated by one highly mobile single carrier. The

error bracketts for these curves are large enough, however , to

accomadate many postulated curves of the form ^ 's

IVB.2 S--( S +« S. )a e e % v

a , a, « constants for electrons and holes

a - C
h
exp [-(E

F
-B

y
)/kT]

a - C
e
exp [-(E

c
-E
F
)/kTl

Equation IV.B.2 above implies that two types of carriers are

involved in the conduction process. However, the data fit an equation

of the form of IV.B.l to within experimental accuracy, and the thermo-

electric activation energy obtained by this procedure confirms the

resistivity activation energy, with the exception of the

0.6A8
9
Se^*0,45b

2
Se. sample. Even the last sample, however, is not

very far from agreement and, based on facts which are presented in the
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next section, its value of E may be higher than 0.^9 eV. It
8

can be concluded that E and Ep are equal in value for the fully
5

amorphous (l-x)As
2
Se^x Sb Se- system for x - 0.0 through x - 0.2,

and it may tentatively be concluded that the equality continues

through x - 0A,

One implication of this conclusion is that conduction in

this system is probably occuring by delocalized states since if

(3)
the hopping mechanism for conduction w/ was present, the resistivity

activation energy would be different from the thermoelectric power

activation energy.

It is possible for these samples, based on Platakis' results,

(21)
to assume that Ep lies in the middle of the gap. If Motts* results

are accepted, then

3 - | [ (Ep-Ey^ m qAt -Y/k+ U

where y is the thermoelectric power temperature coefficient.

For the samples measured in this thesis this results in

Y - ^.0 x 10"^ eV/°K for 0.8As
2
Se *0.2Sb

2
Se

3

and y " - °«2 x 10
~** eV/°K for 0.6As

2
Se 'O.^SbgSe^.

Platakis^ ' measured an average optical temperature coefficient of

a - - 6.6 x 10 eV/°K for both of the above combinations. (Recall

that these can be compared only after y Is multiplied by -2.) The





41

x - 0.4 sample probably shows poor agreement because of the

phenomenon discussed in the next section.

C. Anomalous Behavior of the 0.6As
2
Sey0.4Sb

2
Se~ Samples

Figure 6 shows the logarithm of the resistivity vs reciprocal

temperature for one of the 0.6As
2
Se »0.4Sb Se^ samples that was

measured in this work. Points are labled 1 through 7 in accordance

with their timed sequence of measurement. Points 1 and 2 were

measured after the sample had been taken to an average temperature

of 44l°K (maximum temperature 445°K). Points 3 through 7 were

measured after the sample had experienced an average temperature of

447 K (maximum temperature 450 K). A possible reason for the change

in resistivity is that the sample has experienced a structural

modification.

The slope and resistivity values represented by points 1

and 2 are in very close agreement with the results of Platakis

for samples which were known to be fully vitreous. It is presummed,

on the basis of this agreement, that the sample is still predominantly

vitreous even though it has experienced a maximum temperature of 445 K.

The thermoelectric power for this sample was measured as a

function of temperature before the above resistivity, points 1 and 2,
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Figure 6

Loqarithm of the Resistivity vs Reciprocal

Temperature for the Second

0.6As 2Se3*0.4Sb2
Se

3
Sample

Temperature [°K]
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were generated. These thermoelectric power values are plotted in

Figure 7 as points 1 through 6, Sample 2, and can be presummed to

represent predominantly amorphous 0,6As
2
Sey0.4Sb

2
Sev Points 7, 8

and 9 of Figure 7 were made after the sample had experienced

structural modification. Quite a significant change has taken place

in the thermoelectric power. The change is far more dramatic than

would be expected from looking at the change in resistivity.

The remaining points, Sample 1, in Figure 7 are those of a

sample of O.oAs^Se.tO.iJSb.Se. which had experienced a maximum temp-

erature of 447°K and an average temperature of W*°K for about twice

as long as the proceeding sample. This modified sample shows value

characteristics very similar to those of Sample 2 after it was

heated to 450°K.

Devitrification studies by Platakis * ' show that the rate

of devitrification at the temperatures experienced by these is

sufficiently high that devitrification is probably a part of the

structural modification which is causing the large changes in the

thermoelectric power. Since, however, devitrification is associated

with local crystallization of the sample, the effect of this partial

devitrification on the thermoelectric power is quite baffling since

neither crystalline As2Se3
or crystalline SbgSe^ show increas-
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Figure 7

Thermoelectric Power vs Reciprocal Temperature

for 0.6As
2
Se *0.4Sb

2
Se
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ing thermoelectric power with temperature.

One possible cause for this temperature dependence of the

thermoelectric power in this apparently partially devitrified sample is

a temperature dependent Fermi energy which increases with increasing

temperature, i.e., —«—> ; however, there is no physical basis
oT

for postulating such behavior. Another possible explanation for

this behavior is the formation of "islands" of degenerate semi-

conductor material in a "sea" of amorphous material. The resistivity

would not be significantly affected but the thermoelectric power

could be changed considerably.

D. Polarization

It was discovered during measurements of the Seebeck volt-

age that resistance measurements which used fields of about a

hundred volts per centimeter polarised the sample. The polarization

relaxed after removal of the field in an exponential manner with

a time constant of about 110 minutes. The polarization was de-

pendent on the amount of time the sample experienced the electric

field but no quantitative measurements were made.
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Chapter V

CONCLUSIONS

With regard to the work on the (l-x)As
2
Se^x Sb Se- system

accomplished by this thesis it is concluded that:

(1) Within experimental accuracy the activation energy for

conduction and thermoelectric power are the same for

concentrations x - 0.0 through 0.2. At x - 0.4, the

measured values are not in exact agreement, but because

of high probability that the samples measured have

been partially devitrifled even though they were not

heated above the glass transition temperature, it is

tentatively concluded that E and B are likely the

same through at least x - 0.4.

(2) For the higher Sb
?
Se~ content materials the thermo-

electric power is more sensitive than the resistivity

to subtle structural changes which have occurred in the

sample.

(3) The sample can be polarized with very low electric

fields of about 100 volts per centimeter.
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Chapter VI

SUGGESTIONS FOR FURTHER WORK

This investigation has raised some new questions concerning

the relationship between E and E for amorphous semiconductors.

In particular, the puzzling behavior of the (l-x)As
2
Seoc Sb.Se,,

system in the vicinity of x 0.4 needs further exploration and

better documentation. Since vitreous samples can be made with x - 0,45,

i.e., 0,55As
2
Se^ , 0.45Sb

2
Se^, it would probably prove useful and

enlightening to study that combination in connection with the

behavior of devitrifled samples.

Some of the work accomplished by this thesis should be re-

done using new samples and using a modified procedure which measures

the thermoelectric power starting at the lower temperatures.

The polarization noted in this work also represents a

potential area for study. Polarization at such a low electric field

has not previously been reported in the literature for the

(l-x)As
2
Se /;x Sb

2
Se~ system.

The value of measuring more than one property of a material

at a time on the same sample can not be underestimated. Very small

changes in one property can easily go unnoticed or be attributed to





^8

experimental error when, in fact, they are significant indicators of

considerable changes taking place in the samples.
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Appendix A

Table Z_

SPECTROGRAPHIC ANALYSIS

(Furnished by American Smelting and Refining Company)

Impurities Arsenic
99.999 +* Pure

Antimony
99.999 +% Pure

Selenium
99.999+* Pure

Sb
•

N.D.

Tl N.D. N.D.

Mg <1 ppm < 1 ppm

Mb N.D. N.D.

Pb N.D. 1 ppm N.D.

Sn N.D. N.D. N.D.

Si <1 ppm <1 ppm < 1 ppm

Cr N.D. N.D. N.D.

Fe N.D. N.D. N.D.

Ni N.D. N.D. N.D.

Bi N.D. N.D. N.D.

Al N.D. N.D. N.D.

Ca N.D. N.D. N.D.

Cu 0.1 ppm <1 ppm <1 ppm

In N.D. N.D.

Cd N.D. N.D. N.D.

Na N.D.

Zn N.D. N.D.

Ag N.D. N.D. N.D.

Te N.D. 1 PP«

Hg N.D. N.D.

As 1 PP»

Halogen and S < 0.0005*
**

* N.D. denotes "nonedetected" by Standard Speetrographic Methods

** Chemical Analysis
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Appendix B

EQUIPMENT AMD MATERIAL PROBLEMS OF

MEASUREMENT OF p . < AND S

In anticipation of other workers continuing the study of

this transport properties of the (l-x)As
2
Se,;xSb Se

?
system, several

of the pitfalls of experimental techniques are presented. The

following is broken into two major areas. The first is concerned

with the apparatus and though some of the considerations are

general in nature, most of them are specific to the equipment

used. The second area of interest is the materials and how their

properties cause difficulties in measurements.

The first major problem that was encountered after initial

design and construction of the apparatus was that the tubing would

occasionally break under vacuum. When this occurred at high

temperature the No, kO wires generally oxidised to dust. The

problem was finally traced to the teflon end cap. Teflon had been

used so that the feed-throughs would have very high resistance

between circuits. The cap was 8mm thick in the direction of the

axis of the tube and had an inner diameter of 51mm and an outer-

diameter of 6lmm (except for the O-ring groove) for the cylindrical





53

portion that fit 40mm over the glass tube. The glass tube would

break because the vacuum would cause the end disc to defers

slightly into a concave shape. This defomation caused an outward

radial strain on the glass tube, placing it in tension. Even

though the glass had been annealed the tension was great enough to

cause breakage. The problem was solved by using a copper Insert

which sealed to bath the glass tube and the teflon end cap but

never put the glass into tension.

It is most common in experiments like these to measure

temperature and differential temperatures with thermocouples.

Sometimes the thermocouple is embedded into or attached to the

sample. To keep parallel resistance paths to a minimum , the

thermocouples for this apparatus were to be embedded in the copper

blocks but electrically insulated from them. It was determined by

measurements that Sauereisin ceramic cement with resistance of

l(rto 10 ft to the block was not adequate. The final solution was

the use of an alumina insert which was drilled to allow the

thermocouple to be placed in a small cylindrical hole and cemented

there with Saaereisen, and which was shaped to allow it to be

Inserted into another hole in the Jaws of the copper blocks where

it was also cemented by using Sauereisen. The use of the cement





Improved the thermal contact but did not degrade the electrical

resistivity.

Thermal conductivity measurements were abandoned because

the copper blocks and bed plate assembly were of a very poor

geometry for obtaining a linear guarded system which could

accurately measure small values of k . Guarding here refers to

thermal guarding which reduces thermal leaks and blackbody radiation,

a very serious source of error at other than cryogenic temperatures.

It is not practical to attempt to measure high electrical resis-

tivity, low voltage and low thermal conductivity using the same

sample holder if wide ranges of temperature are involved.

Thermal steady-state and voltage steady-state problems,

as mentioned in the main text, can introduce significant error into

the measurements. It was necessary to use long periods of time

to ensure that steady-state conditions existed before readings

were accepted. A strip chart recorder was very valuable for this

purpose because trends could be easily spotted on the chart.

The last equipment problem to be discussed is a problem

that is common to all electrical measurements on highly resistive

samples. The problem is induced voltages and grounding. A
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common and good ground Is an absolute necessity. Failure to have

one will result in random drift in the voltage readings. The

effects of induced voltages can be reduced by proper grounding,

shielding and insulating. A couple of "tricks" can also be used.

There are available some special sprays which reduce static

electricity. The other trick is to keep all leads as short as

practicable

.

The sample itself can introduce experimental difficulties.

The very brittle nature of the amorphous materials makes handling

them a very sensitive operation. Experiments, in general, should

be conducted in a manner which minimizes handling of the sample.

Another problem which also stems from their brittle nature is

that of making contact with the sample. The use of liquid silver

(GC Electronics No. 21-2 Silver Print) in this experiment apparently

adequately solved that problem, as silver adheres well to these

glassy materials and also has good conduction properties, and

does not seem to "block" conduction as, for example, aluminum does *

The use of an electrometer to directly measure the resistance

of these samples is not advised because the Seebeck voltage is

large enough and the sample current small enough when the internal

electrometer power supplies are used that it affects the resistance
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measurements.

Using a lattery and an ammeter (electrometer) to measure

voltage and current and thus calculate the resistivity is also

not without problems. As noted in the results section* a field

of about 100 volts/cm causes polarisation which decays away with

a half life of approximately 110 minutes. Millivolt measurements

taken during this decay time will not be correct.
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